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ABSTRACT 
Standard formulas of gene  frequency  change  under  genetic drift are used to  derive the probability 

of obtaining  incorrect  phylogenetic  information for three species due to segregation of ancient 
polymorphisms. This probability  depends upon the level of polymorphisms  at the time  of speciation 
and is generally  quite  high unless the two speciation events are far apart in time. If  phylogenetic  data 
from multiple loci are available, a likelihood ratio test can  be  used to reject the null hypothesis in 
favor of the best  phylogeny. The appropriate null hypothesis is either a trichotomy or an alternative 
phylogeny,  depending on the data  set. The likelihood ratios required for accepting  the  best  phylogeny 
are given.  These  ratios are obtained by exact  enumeration when the number of loci  is small (n < 15) 
and by an  asymptotic  approach for larger  n's. In general,  more  than five loci are needed to resolve 
the species  phylogeny. 

~~ 

M OST molecular  phylogenetic  studies  address the 
question of gene  genealogy.  In  certain cases, 

the  interest has been on  the phylogeny of closely 
related species. One example is the relationships 
among  human, chimpanzee and gorilla (KOOP et al. 
1986; MAEDA et al. 1988; MIYAMOTO et al. 1988); 
another is among Drosophila  simulans,  D.  mauritiana 
and D. sechellia (COYNE and KREITMAN 1986). Even if 
the phylogeny of  genes is unambiguous,  as that of the 
&globin region  from human, chimpanzee and gorilla 
seems to  be (see KOOP et al. 1989 for  the composite 
data),  the phylogeny of the species may still be  quite 
different, as depicted in Figure 1. Imagine  that allele 
Ai is a DNA deletion that is nonrecurrent  and  irre- 
versible. It is nevertheless quite possible that  the  gene 
from species 3 shares  this  unique character with either 
that of species 1 or species 2, although  the  latter two 
species are  more closely related. The cause of the 
discrepancy is the segregation of (ancient)  polymor- 
phisms between nodes 1 and 2. 

The first part of  this  paper  addresses the probability 
that a single character would yield incorrect phyloge- 
netic  information. The problem has been  addressed 
by TAJIMA (1 983), HUDSON (1 983), NEI (1 986), PAM- 
ILO and NEI (1988) and TAKAHATA (1989), all of 
whom use the  theory of gene coalescence. In this 
paper,  the diffusion theory is used in order  to take 
gene  frequency into consideration.  In the second part, 
a likelihood ratio test is proposed for  inferring  the 
species phylogeny, if gene genealogies from multiple 
loci are available. The results are compared with those 
of previous studies such as FELSENSTEIN (1985). 
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SINGLE-LOCUS  MODEL 

We shall first  consider  a single locus with two or 
more alleles. We may envisage these alleles as a de- 
fined  stretch  of  DNA  sequence with certain  muta- 
tional characteristics, such as  insertions/deletions or 
nucleotide  changes. The phylogenetic  relationship of 
the  three species is often  inferred by sampling one 
gene  from  each species, as shown in Figure 1 .  The 
question is: When  the genes  sampled  from two of the 
three species are  the same allele, does  the  gene phy- 
logeny accurately  represent the phylogeny of the spe- 
cies? In  other words, we have to assess the relative 
probabilities  of pattern a, PI or P2 in Figure 1. We 
exclude  from  consideration  events that  are uninform- 
ative about  the relatedness  of the genes; for example, 
when all three genes are identical. Depending  on  the 
model, such event can still be statistically informative 
in phylogenetic  reconstruction. 

Let the frequency  of  this  shared allele, Ai,  be p at 
node 1, which becomes x at  node 2 due to drift.  Let 
the  time between the two  nodes  be t generations. We 
shall measure  time in T which has a  unit of 2N, 
generations  where Ne is the effective population size, 
i.e., T = t / (2Ne) .  The probability B ( p )  of obtaining 
incongruent  phylogenetic  information or P2 of Fig- 
ure 1 is 

B(P)  = p J' &@,x; T)x(l - x)dx 

= p2( 1 - p)e-T, (1) 

where &@,x; T)dx is the probability of transition  from 
p to (x, x + dx) at  time T (CROW and KIMURA 1970; 



430 c:. I .  w u  

( A i   , A - i  ) = (Ps 1-P) TABLE 1 

Probabilities of phylogenetic incongruence for different allele 
frequencies ( p )  and internode times ( T )  

P . W )  
I .  I = 0 . 5  

P, A ,  A _i A i  

P, A _i A i   A i  

species 1 species 2 species 3 

F I G U R E  1 .--I'l~ylogeny of three species, A,  denotes a particular 
allele while A-, denotes an): allele other than A , .  Tile relative 
I l q w ~ 1 r y .  4,:A-,, i s  p : I - p  at  node 1 and x:l-x at  node 2. One  gene 
I'ronl carh of the  three  extant species is sampled. Only  the cases 

wllere the same allele is sampled twice among the  three species are 
rollsickred in this  tnodel. 

pp. 383 and 386). The probability A ( p )  of obtaining 
congruent phylogenetic information a is 

A ( p )  = (1 - P ) E ( X ' )  

= p (  1 - p )  - p(1 - p)'e-' (2) 

where E(X' )  is the second moment of gene  frequency, 
x (CROW and KIMURA 1970; p. 336). In Table 1, the 
values  of A@),  B ( p )  and 2 C ( p )  are given where 2 C ( p )  
[= 2 B ( p ) / ( A ( p )  + 2B(p))]  is the probability that  a locus 
will give information  incongruent with the phylogeny. 
The probability is conditional on  the locus being 
phylogenetically informative ( ; .e . ,  two out of the  three 
genes are  the same allele). We can see that, as T 
increases, 2 C ( p )  decreases. Naturally, when T ap- 
proaches 0, 2 C ( p )  approaches $ for all p ' s .  What is 
interesting is that, given the same T ,  2 C ( p )  increases 
with p .  For example, 2 C ( p )  will drop  to  about 5% at 
T = 1.5 for p = 0.1 whereas, for p = 0.9, it will only 
reach the same level at T = 3.5. For  the resolution of 
the human-chimpanzee-gorilla trichotomy, if we as- 
sume N ,  = 50,000 between nodes 1 and 2 and a 
generation time of 10 yr, T = 1.5 and 3.5 represent 
1.5 and 3.5 million years, respectively. 

According to this model, the probability of phylo- 
genetical incongruence is conditional  on the value of 
p at  node 1. The distribution of p ,  F ( p ) ,  can be 
assumed to be proportional to  the stationary fre- 
quency spectrum of the infinite-allele model (KIMURA 
and CROW 1964); 

F ( p )  = M(l - p ) ' y - l / n a  

where M = 4N,u and n, = M(l - p)""p"dp is 

the average  number of alleles (CROW and KIMURA 
1970, p. 455). 

The probability of obtaining phylogenetically con- 
gruent information  (pattern a )  for  a  randomly chosen 
locus is 

S' %.h' 

0.0409 
0.1208 
0 .  I 7 7 3  
0.0845 

0.07 19 
0.1772 
0.2057 
0.0880 

0.0834 
0.1979 
0.2 16 1 
0.0893 

0.0876 
0.2056 
0.2200 
0.0897 

0 . 0 0 5 5  
0.0382 
0.0899 
0.0491 

0.0020 
0.014 1 
0.0331 
0.0181 

0.0007 
0.0052 
0.01 22 
0.0066 

0.0003 
0.0019 
0.0045 
0.0024 

0.2 108 
0.:4874 
0.5034 
0.5:475 

0.0529 
0.1369 
0.2432 
0.29 12 

0.0 174 
0.0497 
0 . 1 0 1  1 
0.1297 

0.0062 
0.0182 
0.099 1 
0.05 17 

0.447 1 
0.404:1 

0.1515 
0.1488 

0.0448 
0.0547 

0 . 0  132 
0.0201 

B ( p )  and A ( p )  are given i n  Equations 1 and 2. C ( p )  = B(p)/['4(p) 
+ 2 B ( p ) ] .  Q(T) is either 1/3 e" (NEI 1986) or is given in (6). 

= M [ ( M  + 2) - ( M  + l)e"]/[(M + 2)(M + l)nO]. 

Similarly, the probability of obtaining phylogeneti- 
cally-incongruent information is 

Prob(P1) = Prob(P2) = S' I%V B(p)F(p)dp 

= M ePT/ [ (M + 2)(M + l)n,]. 

Therefore,  the probability, P ,  of phylogenetic congru- 
ence  among all phylogenetically informative loci is 

P ( T )  = Prob(a)/{Prob(a)+Prob(@1)+Prob(Pn)} (3) 
- - ( M  + 2) - ( M  + l ) e -T  

( M  + 2) - ( M  - I)ePT' 
Similarly, 

Q(T)  = e"/[(M + 2) - ( M  - l)e"] (4) 
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is the probability of each phylogenetic incongruence 
(PI or  P2 of Figure 1). In the case of M = 1,  P(T) = I 

with the formulas of NEI (1986). In his formulation, 
ye is the probability that  the genes from species 1 
and 2 are less  closely related to each other  than  one 
of them is to  the  gene  from species 3, regardless of 
their allelic status. 

Mutation between nodes: In the above  formulation, 
mutations between nodes  1 and 2 are not  considered. 
Such mutations would always  give rise to phylogenetic 
congruence.  It is thus  desirable to account  for  these 
internodal  mutations by defining  a new event, y. 
Event y is like event a of Figure 1, except that p = 0 
at node  1. The probability of y is identical with the 
second moment  of  gene  frequency under irreversible 
mutation while p approaches 0 (CROW  and KIMURA 
1970, p. 392)  and is given by 

Prob(y) = 1 - 2(M + l)/(M + 2)e-"/'T 

- $-T and Q(T)  = $e-T. The results are identical 

'L -T 

+ M / ( M  + 2)e-("+'IT 

A correction  term of Prob(y) is now introduced  into 
Equation 3 and  the new P(T) is given by (Prob(a) + 
Prob(y)}/(Prob(a) + Prob(P1) + Prob(P,) + Prob(y)]. 

Of special interest are  the cases when M << 1. This 
applies when the allelic status of DNA sequences is 
defined by a very rare  and irreversible  mutation, such 
as a  deletion or insertion at a  particular  nucleotide 
position. Such nonrecurrent mutational  events ac- 
tually agree best with the assumptions of the infinite- 
allele model. In  addition,  the genealogy of these alleles 
is unambiguous, unlike alleles defined by multiple 
recurrent events (see LI 1989). 

With the  correction  term and  the assumption of M 
<< 1, we obtain 

P ( T )  (1 + T ) / ( l  + T + 2e-T )  ( 5 )  

Q ( T )  e-T/(  1 + T + 2eKT). (6) 

Some representative values of 2Q( T) based on Equa- 
tion 6 as well as NEI'S (1  986)  formula,  are given 
in Table 1. These values form an interesting  compar- 
ison  with the  case of p = +, when a polymorphic locus 
is most  likely to yield phylogenetically incongruent 
information.  (This can be shown by solving for 
dB(p) /dp  = 0 to obtain p = $ as  a local maximum.) 
When T = 0.5, p = : will lead to  an  incorrect  inference 
of the species phylogeny more  than 50% of the time 
[ 2 C ( p ) ] .  If all values off   are  considered,  the  proba- 
bility  of phylogenetic incongruence  [2Q(T)'s] is still 
greater than 40%. Despite very different  derivations 
and  interpretations,  the values of 2Q(T) based on 
Equation 6 are generally close to 2Q(T) = :epT, ob- 
tained by NEI (1 986).  In  summary, the probability of 
making an  incorrect  inference of species phylogeny is 
unacceptably high  unless T is large. If a locus is to 
yield correct phylogenetic information at  the 5% level 
of significance, the  time between node 1 and  node 2 

has to  be  about T = 2.4 when M << 1  (Table 1). For 
the human-chimpanzee-gorilla trichotomy, this means 
2.4 million years in the numerical example given 
previously. 

MULTIPLE-LOCUS TEST 

It is apparent  that  one locus alone is insufficient for 
the resolution of  species phylogeny. We  may  now 
consider n loci that  are not tightly linked (e.g. ,  N,c >> 
1 where  c is the recombination fraction between any 
two loci).  We want to accept  one of the  three phylog- 
enies with the necessary statistical confidence: 

Phylogeny A - [(spp 1 ,  spp 2), spp 31 
Phylogeny B - [(spp 1, spp 3) ,  spp 21 
Phylogeny C - [(spp 2, spp 3 ) ,  spp 13. 

Let the  number of  loci supporting phylogeny A,  B or 
C be a, b or c, respectively, where a + b + c = n. 

The probability of obtaining the data set (a, b ,  c) 
under phylogeny A is 

G,, ( T )  = [ n!/a!b!c!]P( T)"Q( T ) b + <  (7) 

where P ( T )  and Q(T)  may be given by equations such 
as ( 5 )  and (6). The probability under phylogeny B and 
C can be  obtained by exchanging  a and b  and by 
exchanging  a and c of the above formulae, respec- 
tively. For each phylogeny, we choose the maximum 
likelihood estimator (MLE) of T that maximizes 
GA(T). This is necessary because each phylogeny is a 
composite hypothesis with an unspecified internodal 
length. (The length of other branches only indirectly 
affects this model, see DISCUSSION.) Because P(TA) and 
Q (TA) are uniquely defined by TA, the  procedure is 
equivalent to finding the MLE of P ( T )  and Q(T),  
provided  that TA is nonnegative. We therefore solve 
for d In GA(T)/dP(p = 0, and  obtain 

P(TA) = a / n ,  

Q(TA) = (1 - a/n) /2  =(b + ~ ) / 2 n .  (8) 

The value of TA can be obtained from either Equation 
3 or 5. Table 2 gives some representative values based 
on (5) .  With either  equation, TA is nonnegative only 
when a 3 n/3. Therefore, for a < n / 3 ,  TA = 0 and 

P(TA) = Q(TA) = f. (8') 

In  other words, if the  number of  loci congruent with 
a  certain phylogeny is  less than of the  total,  the most 
likely arrangement  for  that phylogeny is one with a 
single point of trifurcation. 

We  may then use the likelihood ratio test to discrim- 
inate  among the  three phylogenies. For convenience, 
let a 3 b c. We want to reject the second best 
phylogeny, B ,  in favor of the best phylogeny, A, if the 
likelihood ratio, R,qB = GA(TA)/GB(TB), is greater than 
a  threshold value K .  Given a 3 b 2 c, only data sets 
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TABLE 2 

Likelihood ratios and levels  of significance for n = 10 loci (only 
a 2 b 2 c given) 

a b c 3 X Prob" RA,, RAR TA' 

10 0 0 3 X(1/3)"' 3 ' O  

9 1 0  0.11% 1140 1.85 

8 2 0  99.1 1.26 
8 1 1  1.02% 99.1 1.26 

7 3 0  16.4  0.899 
7 2 1  5.91% 16.4 0.899 

6 ' 4 0  4.41 4.00 0.618 
6 3 1  4.41 0.618 
6 2 2 23.0% 4.41 0.618 

5' 5 0 1.80 1.00 0.375 
5' 4 1 1.80 1.64 0.375 
5 3 2  1.80 0.375 

4' 4 2 1.10 1.00 0.149 
4 3 3  1.10 0.149 

This is the  cumulative probability for  points whose likelihood 
Ixtios are  greater  than RAO, given in the  next  column. The factor 
o f  three is for  the  sum of the  three  corners (see Figure 2). 

TA is the MLE of T and is the solution for P(T)  = (1 + T)/(  1 + 
T + 2e"F) = a/n (from  Equations 5 and 8). 

Indicates cases with b > n / 3  where RAo > RAa. 

with b < n/3 need to be  considered in the statistical 
test if n < 15 (discussed later). This, in turn, means 
that  the second best phylogeny is  always phylogeny B 
with a  zero  internodal  distance for n d 15 (see Equa- 
tion 8). Thus, discrimination among  the  three phylog- 
enies is conveniently reduced  to  testing  the null hy- 
pothesis of a  trifurcation tree against phylogeny A 
with an  internodal  length of T A .  Formally, the null 
hypothesis is 

Ho: Phylogeny O-fspp 1, spp 2, spp 31 

against the  alternative phylogeny A ,  when c d b d 
4 3 .  We  shall  discuss  cases  with b > n/3 later. 

It is straightforward to calculate RAO [GA(TA) from 
Equations 7 and 8 and Go(0) = n!/a!b!c! ($)n].  What we 
need  to  determine is the threshold value, K ,  above 
which phylogeny 0 will be  rejected in favor of phy- 
logeny A .  As there  are  three ways to reject 0, we 
accept A if the probability of R A O  > K is  less than 
0.05/3 % 0.017  under  the null hypothesis. The statis- 
tic, 2 ln(RAo), has an asymptotic chi-square distribu- 
tion with one  degree of freedom  (HOEL, PORT and 
STONE 1972). The asymptotic value for K is, there- 
fore, Kasy,,, = - - 17.3,  where 5.7 = ~ ~ 0 . 0 1 7  with 
one  degree of freedom. When n is sufficiently large, 
we reject the null hypothesis in favor of phylogeny A 
at  the  5% significance level if 

RAO = (3/n)"(~"[(b + ~)/2]~+'j 3 Kasym = 17.3.  (9) 

In practice, we have to know  how quickly the asymp- 
totic chi-square distribution is approached as n  gets 

b = l O  A C =  
10 

R a 

..00.. 

0 . .  o . . .  
0 0 0 0  

0 0 0 0 . 0 0 0 0  

0 0 0 . . 0 0 0 0  

0 0 0 0 . . . 0 0 0 0  

FIGURE 2.-The total  sample  space for n = 10 loci. Each circle 
represents a  vector (a,  b,  c) where a is the  number of loci supporting 
phylogeny A ,  b supporting B and c supporting C with a + b + c = n. 
The  apex  at  the  top  represents (10, 0, 0) and  the bottom (0, b,  c), 
while the  apex  of  the left corner  represents (0, 10, 0) and of the 
right  corner, (O,O,  lo), as  indicated by thearrows. R i s  the likelihood 
ratio of  Equations 9 for all the points  between the  appropriate 
contour lines. Points above  the thick lines are  the region for 
rejecting  the null hypothesis in favor  of  the best phylogeny. The 
filled circles represent samples where  the  number of loci supporting 
the  second best phylogeny is greater  than n / 3 .  I f  filled circles fall 
in the region of rejection,  acceptance of the best phylogeny requires 
a different  criterion ( R A A ) .  specified in Equation 9' 

larger. More importantly, because we rarely have 
molecular data of more  than 5 loci from all three 
species, it is necessary to calculate the exact K values 
for small n's. 

The exact enumeration of the  distribution of R A O  

was carried  out  for n up  to 40. It was done by summing 
up Prob(u,b,c) = n!/a!b!c! ($)n according to  the  de- 
scending values of RAo(a,b,c)'~. An example  for n = 
10 is given in  Fig. 2 where all the  data points are given 
(see also FELSENSTEIN 1985).  Contour lines for  differ- 
ent values of R are also given. The cumulative prob- 
abilities for  data  points  above  a  contour line ( i e . ,  
toward  the  corner),  including points in  all three cor- 
ners of Figure 2, are given in Table 2. For n = 10, 
the probability of R > 16 under  the null phylogeny is 
5.9%, slightly larger  than 5%. Therefore, a phylogeny 
is significantly better than the null phylogeny only 
when there  are eight or more  out of 10 loci supporting 
it. Data points that will result in the  acceptance of the 
alternative phylogeny are those above the thick con- 
tour lines in Figure 2. The MLE of the  internodal 
distance under  the best phylogeny is also given as TA 
in Table 2. For n = 10, TA = 0.899 is not significantly 
different  from 0.  

Table 3 summarizes the results of the exact enu- 
meration of RAo for n up  to 40. T o  reject the null 
hypothesis in favor of a  particular phylogeny, we need 
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TABLE 3 

Threshold values of likelihood ratios, K, for accepting the best 
phylogeny over trichotomy 

n L" K 3 X Probb K,,,, K/K.,-,", 

4 4  34 3 x (1/3)4 
5 5  3' 3 X (1/3)5 
6 6  36 3 X (1/3)6 

7  6 61 2.06% 34.8 1.78 
8  7 161 0.78% 127 1.26 
9  7 41 2.48% 32.2 1.29 

10 8 99 1.02% 72.9 1.35 
1 1  8 35 2.65% 30.7 1.14 
12 9 77 1.16% 64.7 1.20 
13 9 32 2.65% 30.7 1.06 
14 10 68 1.21% 62.8 1.09 
15 10 32 2.55% 31.5 1.01 

> I 5  17.2 5% 17.2 

For n > 15, K at  the 5% level is the asymptotic  value, 17.2. 
L is the minimal number of loci that  support phyiogeny A ,  

required  to give a RAo 2 K .  For n > 15, the  numbers for n and L 
>IW: 16(10),  17-18 ( l l ) ,  19-20 (12), 21-22 (13),  23-25  (14), 26- 
27 (15), 28-29  (16),  30-32  (17). 33-34 (18), 35-36 (19), 37-39 
( Y O ) ,  40  (2 1) .  

3 X Prob (RAO 2 K ) .  

to have data showing a minimal number of  loci ( L )  
congruent with that phylogeny. The threshold values, 
K ,  and  the probabilities of RAO > K ,  summed  over all 
three  corners, are also given. In  general,  the values of 
L are either identical with or larger by one  than  those 
of FELSENSTEIN (1  985). The levels of significance are 
not exactly 5% because of the discrete nature of the 
data.  For  example, as shown in Table 2 and Figure  2, 
the level of significance for n = 10 is either 1.02% or 
5.91%. The highest available level  below 5% is cho- 
sen.  A simple calculation shows that  at least 4 loci are 
needed  to resolve the species phylogeny. For n = 4 to 
6, a phylogeny is significantly better  than  others only 
when every locus supports  it. For n 3 7, K fluctuates 
appreciably, due mainly to  the  different levels  of 
significance. In the column under Kasym are shown the 
K values at  the corresponding level  of significance 
under  the asymptotic chi-square distribution. The ra- 
tios of K/Kasym in the last column show the asymptotic 
behavior of K which approaches  the  asymptote at n 3 
15.  For n = 7 to  15, rejection of the null hypothesis 
requires  an R A O  value larger  than  the asymptotic K .  
For  larger n's, Equation  9  should  be sufficient. 

The above discussion applies only if b d n/3. Data 
sets with b > n/3,  represented by filled circles in Figure 
2 ,  require some special considerations.  In  these cases, 
the null phylogeny to be  rejected  should  not  be phy- 
logeny 0; rather it is phylogeny B with a  nonzero 
internodal  length. The likelihood ratios, R A B ' s ,  are 
smaller than R A O ' S  as shown in Table 2  for  the  data 
sets with b > n/3. This is because the probability of 
obtaining  the  data set is higher  under phylogeny B 
than  under 0. In other words, A is not as significantly 

better  than phylogeny B as it is than 0, indicated by 
the R A O  values. This does  not  present  a  problem as 
long as we do not reject 0 in favor of A. In other 
words, if phylogeny A is not significantly better  than 
0, it is certainly not  better  than E.  In all  cases  of n S 
15, R A O  < K whenever b > n/3 because the minimal 
number ( L  in Table 2 )  for R A O  > K is always a 3 2n/ 
3 (hence b < 4 3 ) .  For n c 15, we do not have to test 
phylogeny A against the second best phylogeny, E ,  
even when b > n/3. 

When n is larger  than  15,  further  enumeration is 
perhaps necessary. For  example,  an observation of (a ,  
b, c) = (21,  18,  1) will lead to  the acceptance of 
phylogeny A over phylogeny 0 but phylogeny A is,  in 
fact,  not statistically better  than B with P(TB) = 18/ 
40. A  situation with a 3 L and b 3 n/3 is expected to 
be rare  under any phylogeny and  the  appropriate 
likelihood ratio can be  obtained as 

R A B  = 2"-b[a"(b + ~ ) ~ + " ] / [ b ~ ( a  + cy+'], if b > n/3 (9') 

similar to Equation 9. One may argue  that, since this 
situation arises only  when n > 15 where the asymptotic 
chi-square distribution is appropriate,  the  criterion 
for  accepting A over B is R A B  3 Kasym = 17.3. However, 
the  degree of freedom in those cases is not  one. Exact 
enumeration as done in  Fig. 2, but based on the 
appropriate P(TA), Q ( T A ) ,  P(TB) and Q(TB) values, 
will be necessary to  determine  the  correct K for any 
given data set with b > n/3 and n > 15. 

DISCUSSION 

Segregation of ancient polymorphisms is a serious 
confounding  factor in the inference of species phylog- 
eny. In fact,  the  data  appear to reflect  that process. 
For  example, KOOP et al. (1986)  and MAEDA et al. 
(1988)  found two deletions,  about 4 kb apart in the 
&globin region,  that  are shared exclusively between 
human  and chimpanzee. Common alleles shared by 
chimpanzee and gorilla have also been reported  for  a 
mitochondrial DNA deletion (HIXON  and BROWN 
1986)  and  the involucrin gene (DJIAN and  GREEN 
1989). The mutual  sharing of alleles is no less difficult 
a  problem in inferring  the phylogeny of the  three 
sibling species in the D. melanogaster group (COYNE 
and KREITMAN 1986). 

The model presented here assumes that the geneal- 
ogy of genes is unambiguous. The message  of this 
study is a simple one: Even if the genealogy of genes 
is unambiguous, it still takes a  large  number of con- 
gruent loci to resolve the phylogeny of  species. A 
straightforward way of  inferring  gene genealogy is to 
rely on  "unique and derived"  characters, such as the 
shared  deletions reported by Koop et al. (1986)  and 
MAEDA et al. (1988) in the &globin region of human 
and chimpanzee. Another  example may be the inser- 
tions of elements like the Alu repetitive sequences 
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(HWU et al. 1986). Since the genealogy is not always 
unambiguous  (perhaps  for want of such uniquely de- 
rived characters), the task of correctly inferring spe- 
cies phylogeny is even more difficult than suggested 
here. For instance, although  the genealogy of the @- 
globin genes studied by Koop et al. (1986), MAEDA et 
al. (1988) and KOOP et al. (1989) is convincing based 
on the two shared  deletions, LI (1989) did  not find 
their genealogy statistically convincing when only nu- 
cleotide substitutions were studied. 

I t  is important  to  note  that  the model deals with 
genes that  segregate as independent units. Linked 
multiple changes that distinguish two segregating al- 
leles are considered one  character. Exactly  how much 
recombination between two loci is necessary for  them 
to be considered  independent is beyond the scope of 
this study. The two deletions in the @-globin region 
discussed above are perhaps best treated as part of the 
same segregating  unit, especially  in light of the finding 
of strong linkage disequilibrium over  a  long  stretch 
of DNA in humans (e.g., MURRAY et al. 1984). 

Strictly speaking, the model depends only on the 
length between nodes 1 and 2. Of  course, very long 
branches leading to  the  extant species will accumulate 
additional changes that would obscure the phyloge- 
netic information at  node 2. But the measurement of 
T in 2N, generations only assumes that, between the 
two nodes, constant  population size is maintained. 
The branch lengths leading  from  node 2 to species 1 
and 2 and from  node 1 to species 3 are important if 
multiple alleles are sampled from  each species (TAK- 
AHATA 1989). This is  why sampling many genes (al- 
leles)  of the same locus will not  help resolve the 
human-chimpanzee-gorilla trichotomy. CANN et al. 
(1 987) have shown that  the coalescence time of human 
mitochondrial DNA is around 200,000 yr. The coa- 
lescence time for  nuclear genes is perhaps  about 
400,000 yr. This is much below the divergence  time 
of the  great apes, which is not likely to be less than 5 
million years. In other words, multiple alleles drawn 
from  the  extant  ape species would actually represent 
a sample of  only one single allele at  the  time  of 
speciation. The situation is perhaps  quite  different 
among D. simulans, D. mauritiana and D. sechellia. 
COYNE  and KREITMAN (1986) found some shared 
polymorphisms between these species. This suggests 
that a multiallele sample may  yield additional  infor- 
mation on the species phylogeny (PAMILO and NEI 
1988; TAKAHATA 1989). 

This single-locus model differs  from  previous  stud- 
ies such as PAMILO and NEI (1988) in that it brings 
the allele frequency  into  consideration. In the analyses 
of empirical data, variations in the allelic status within 
and between species are critical but have not  been 
incorporated  into previous studies. For  example, 
genes of a conservative locus, such as 5s RNA, may 
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have a genealogy as predicted by the coalescent time 
theory but, in the absence of any variations, such a 
genealogy will be completely transparent  to  an ob- 
server.  It is for this reason that  one might expect the 
allele frequency, or a  parameter  governing  the allele 
frequency (such as 4N,u), to be incorporated in the 
analysis. 

There  are indeed three processes involved: the sep- 
aration of species, the genealogy of genes and  the 
introduction of detectable variations into these genes. 
The first two processes can be decoupled  from  the 
empirical practices as long as certain assumptions are 
true (such as  the  neutrality and a  constant population 
size). The last one  depends very much on the empirical 
practices, such as how one determines  different alleles, 
and is critical to  an  observer  for  the  inference of 
phylogeny. In this model,  the third process is consid- 
ered  under certain assumptions. Equations 3 and 4 
assume that  mutations  occurring between the two 
nodes do not  add  more power to  the  inference of 
gene genealogy. This may be true if the samples from 
species 1 and 2 (as in Figure 1) are A,, which acquired 
an  additional  mutation between the two nodes, while 
the sample from species 3 is A,. In  that case, the allelic 
differences at node 1 are sufficient for the correct 
genealogical inference. This assumption is not valid if 
M < 1 when the allelic difference is either completely 
present or completely absent at  node 1. Therefore, 
Equations 5 and 6 were derived to  incorporate  inter- 
nodal  mutations. 

The likelihood ratio  for multiple-locus data  pro- 
vides a well defined hypothesis test. Here  the  appro- 
priate null hypothesis is the second best phylogeny, 
which is tested against the best phylogeny as the 
alternative hypothesis. T o  summarize (let a 3 b 2 c): 
When n s 15, the null hypothesis is the trichotomy 
and  the best phylogeny will be accepted if RAO = (3/ 
n). {a"[(b + c)/2]'+") 3 K (given in Table 3). When n 
> 15 and b < n/3, the test is as in Equation 9 using 
the asymptotoic K = 17.3. When n > 15 and b > n / 3 ,  
the null hypothesis is phylogeny B (its internodal 
length given by Equation 8) and  the likelihood ratio 
is given in (9'). The results are in general  agreement 
with FELSENSTEIN'S (1985) study although the tests 
are quite  different. 

Finally, since it is possible to estimate T = t /(2N,) 
given good cladistic data, it may be possible to estimate 
Ne if an  independent estimate of t [e .g . ,  that by SIBLEY 
and AHLQUIST (1  984)] is used. 
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